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Abstract. Vegetable oil–based permeable reactive biobarriers (PRBs) were evaluated as a method for
remediating groundwater containing unacceptable amounts of selenate. PRBs formed by packing lab-
oratory columns with sand coated with soybean oil were used. In an initial 24-week study a simulated
groundwater containing 10 mg L)1 selenate-Se was supplied to three soil columns and the selenate and
selenite content of the effluent waters monitored. Two of the soil columns were effective at removing
selenate and, during the final 21 weeks of the study, effluents from these columns contained almost no
selenate or selenite. Almost all (95%) of the selenate removed was recovered as immobilized selenium
sequestered in the solid matrix of the column. For unknown reasons, the third column failed to reduce
selenate. A second study looked at the ability of PRBs to remove selenate when nitrate was present. As
was done in the first study, three columns were evaluated but this time the water supplied to the columns
contained 20 mg L)1 nitrate-N and 10 mg L)1 selenate-Se. Nitrate quickly disappeared from the
effluents of these columns and during the final 23 weeks of the study, the nitrate content of the effluent
water averaged less than 0.03 lg ml)1 nitrate-N. Selenate was also removed by these columns but at a
slower rate than observed with nitrate. In the final 6 weeks of the study, about 95% of the selenate
applied to the columns was removed. In situ PRBs containing soybean oil might be used to remediate
groundwater contaminated with both selenate and nitrate.

In soils and aquifers, selenium can be present in a
number of different redox states, the most common of
which are elemental selenium and the two oxyanions
of selenium, selenate and selenite. Elemental selenium
does not present much of a problem in the environ-
ment because it is not soluble in water and is, thus,
not readily available for biological uptake. In contrast,
both selenate and selenite are water soluble and are
mobile in aqueous systems and available for biological
uptake. Selenate is generally more soluble, mobile, and
available than selenite [4]. Selenium in small amounts
is an essential element required for life but quantities
that are only slightly higher than those required for
nutrition can cause toxicity in humans and animals.
The Recommended Daily Allowance for adult humans
is 50 to 70 lg of selenium day)1 and amounts that are

only 5 to 10 times greater than the daily allowance
can cause selenosis [2]. Due to the toxicity of sele-
nium, the United States Environmental Protec-
tion Agency recommends that water intended for
human consumption contain no more than 0.05 mg L–1

selenium [20] while the guideline for Canada is 0.01
mg L)1 selenium [19].

Selenium oxyanions may be present in groundwater
as a natural component or introduced by human activity.
Selenate is found in high concentration in areas of the
western United States [2] and irrigation activity can
result in the movement of selenate to ground or surface
waters [18]. Almost 414,000 sq kilometers of land in the
western United States has been identified by the U.S.
Geological Survey as likely to release soluble selenium
compounds under irrigation [21]. Also, compounds
containing selenium are widely used in industry. Thus,
these activities as well as activities involving mining and
the combustion of coal and fuel oil can release selenium
compounds into the environment. These activities canCorrespondence to:W. J. Hunter; email:William.Hunter@ars.usda.gov
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thus cause groundwater contamination by selenium
oxyanions.

While ordinary drinking water treatment methods
do not remove anions such as selenate from water,
there are a number of approaches that can be used.
Physiochemical methods such as ion exchange, reverse
osmosis, electrodialysis, distillation, among others, can
be used but such approaches are often very expensive.
Likewise, ex situ biological approaches have been
used to remove a number of anions from water but
these approaches are also expensive. In situ biological
approaches are generally the most economic way to
remediate large volumes of groundwater. The least
expensive in situ approaches are perhaps passive ones
that involve the use of permeable reactive barriers
(PRB) that use an insoluble substrate to intercept and
treat the contaminated groundwater [7]. Normally, in
aquifers, microorganisms are present that are capable
of degrading or sequestering a number of compounds
but microbial populations are usually low and their
activity is normally limited because of the minute
amounts of substrate that are available. PRBs increase
microbial populations and stimulate microbial activity
by providing the needed substrate. They work best in
a permeable matrix that allows for the free movement
of groundwater through the PRB. Barriers may be
created by filling in a trench with substrate and a
permeable matrix. Course sand and gravel can provide
the matrix while crop residues, sawdust, and sulfur
have been used or suggested as substrates [7] and, if
needed, nutrients and microorganisms can be added.
Another method that can be used to create PRBs is
via the injection of a non-aqueous phase substrate,
such as a vegetable oil, into a porous aquifer. In either
case, the PRB is positioned to intercept the ground-
water flow so that the offending compound is re-
moved via microbial action as the groundwater carries
the compound into the barrier. Nitrate, trichloroethyl-
ene, chlorate, perchlorate, and the soluble oxides of
several heavy metals (Cd, Cu, Ni, Pb, and Zn) have
been removed or sequestered from water via PRBs or
by ex situ reactors that operate on the same principle
[8, 10, 12, 13, 15].

The objective of the present study was to use small
PRBs contained in laboratory soil columns to assess the
removal of selenate by PRBs containing soybean oil.
The working hypothesis was that the high microbial
activity of the PRB will cause selenate to be reduced to
elemental selenium (Se0), thus removing the selenate
from water as it flows through the column. The removed
selenium would be sequestered as an insoluble and
biologically unavailable Se0 precipitate in the matrix of
the PRB.

Materials and Methods

PRBs and sand columns. Barriers were formed by packing glass
columns 2.6 cm in diameter with 195 g of 30 grit (0.35-mm sieve size)
quartz sand that had been coated with 2.5 g of soybean oil. An
additional 40 g of uncoated sand was added to the effluent end of the
columns giving a 30-cm-long column of sand with a pore volume of
68 ml and a bulk density of 1.5 g cm3. Columns were maintained at
15�C in the dark. Column effluents were collected three times per
week and were analyzed for selenate, selenite, and, when appropriate,
nitrate and nitrite. Moderately hard reconstituted water [6] with a
hardness of 80–100 as mg L)1 CaCO3 and an alkalinity of 60–70 mg
L)1 as CaCO3 was pumped upwardly through the columns. The water
contained CaHCO3, 96; CaSO4 Æ H2O, 60; MgSO4 Æ 7H2O, 60;
KH2PO4, 43.8; (NH4)2SO4, 5; KCl, 4.0; FeEDTA, 1.8; H3BO3, 0.5;
MnCl2 Æ 4H2O, 0.1; ZnCl2, 0.1; CuCl2 Æ H2O, 0.01; MoCl3, 0.01 mg
L)1, respectively. The selenium content of the water was adjusted to 10
mg L)1 selenate-Se by the addition of Na2SeO4, and, where indicated,
the water was supplemented with NaNO3 to provide a nitrate-N content
of 20 mg L)1. The column supply water was stored at 4�C and
replenished weekly. No attempt was made to remove dissolved oxygen
from the water supplied to the columns.

At the start of each study, 3 ml of a freshly prepared soil extract
was injected onto each column to insure the presence of a viable
population of soil microorganisms. The soil extract was prepared by
suspending 50 g of soil in 50 mL of buffer, mixing, and centrifuging at
500g for 5 min. The soil was a ditch-bank spoils material collected
from �45 cm below the bottom of a flowing irrigation ditch. In
past studies, the microbial population of the soils from this location
was 3 · 108 colony forming units g)1 dry weight of soil [10].

Studies. Using the setup described above, two studies were conducted.
For the first study, the influent water contained selenate but no nitrate
and was supplied to the columns for 24 weeks. For the second study,
the water supplied to the columns contained both selenate and nitrate.
At intervals, samples of the effluent water were collected and analyzed.

Analysis. Selenate and selenite content of column effluents were
determined by suppressed ion chromatography. The analytical system
consisted of a Shimadzu (Kyoto, Japan) LC-10 high-pressure liquid
chromatograph and an Alltech (Deerfield, IL, USA) DS-Plus auto-
suppressor. Buffer was 0.19 mM sodium bicarbonate and 0.55 mM
sodium carbonate pumped at a flow of 1.25 ml min)1. The analytical
column was a 250 · 2.6-mm Serasep AN-1 obtained from Alltech.
Nitrate and nitrite in column effluents were estimated with the
suppressed ion chromatographic system described above or with a
high-pressure liquid chromatograph equipped with a UV detector [9].

Total selenium content of the sand in the columns was deter-
mined at the end of the study by digesting one-gram samples with
nitric and perchloric acid followed by analysis using inductively
coupled plasma atomic absorption spectrometry [17]. This analysis was
performed by the Colorado State University Soil, Water, and Plant
Testing Laboratory.

Statistical comparisons. Statistical comparisons presented in the text
and figures were made using the Instat� computer program (GraphPad
Software Inc.). Values presented in the text are the mean € standard
deviation.

Results and Discussion

Initial study. This first study evaluated the ability of
vegetable oil–based PRBs to remove soluble selenium
from flowing water when the water supplied to the PRB
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contained no nitrate. The results show that the amount of
soluble selenium in the water was reduced as it was
pumped through the column-based barriers of two
(Fig. 1) of the three columns in this treatment group.
During the study, an average of 7.9 € 0.8 L or 116 € 11
pore volumes of simulated groundwater containing
79 mg of selenate-Se was pumped, at an average flow
rate of 328 € 7 ml week)1, through the PRBs on these
two columns. Over the 24-week study, 90% (71 € 0.9
mg) of the selenate and 74% (58 € 9 mg) of the soluble
selenium was removed from the water pumped through
the columns. A portion, 18% or 14 € 8 mg, of the
selenate-Se was converted to selenite-Se and was
recovered in the column effluents.

The calculated efficiency for these columns in-
creases if the PRBs are given 2 weeks to become
established and only data from weeks 3 through 24 are
used to calculate the removal of selenate and sele-
nite. Over this interval, an average of 7.1 € 0.7 L or
104 € 10 pore volumes of simulated groundwater,
containing 71 mg of selenate-Se, was pumped through
the columns and 97% (69 € 0.2 mg) of the selenate and
80% (57 € 9 mg) of the soluble selenium was
removed from the water as it passed through the col-
umns. Between weeks 3 and 24, 18% or 12.6 € 8.9 mg,
of the selenate-Se was converted to selenite-Se and
recovered as selenite in the effluents.

Much of the selenate removed from the influent
water as it was pumped through these column PRBs be-
came sequestered as insoluble selenium in the support
matrix of these two columns. At the end of the study, a
total of 66.8 € 4.1 mg of immobilized selenium was
recovered from thematrix materials.Most, 43.9 € 3.6mg
or 66%, of the total immobilized selenium recovered was
found within the first 6 cm of the influent end of the
columns with the balance being recovered in the
remaining more distal portions of the column (Fig. 2).
The selenium recovered as immobilized selenium repre-
sented 75.6% of the total selenium that was applied to the
columns as soluble selenate. Moreover, the recovered
immobilized selenium represented almost all, 94%, of the
soluble selenium that was removed from the simulated
groundwater as it was pumped through the columns. This
clearly shows that the primary mechanism involved in the
removal of selenate from water via these PRBs is by
immobilization of the selenium. Losses due to selenium
volatilization, via the biological reduction of selenate to
volatile organic forms, accounted for only a small portion
of the selenate removed.

The PRB on the third column was, for unknown
reasons, not effective at reducing the amount of selenate
in water pumped through the column. With this column,
the efficiency of removal was only about 4%.

Selenate removal in the presence of nitrate. The
presence or absence of nitrate in the influent water may
influence the reduction of selenate. This is because the
reduction of selenate by many bacteria involves nitrate
reductase [1, 5, 16] and nitrate has been reported to
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Fig. 2. Accumulation of immobilized selenium in the column matrix
by column segment. Concentration of accumulated selenium is pre-
sented on the left axis and total amount of accumulated selenium is
presented on the right axis. Distances are from the influent end of the
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Fig. 1. Loss of selenate from a simulated groundwater that contains
selenate but no nitrate. (A) Volume of water pumped through the
column and (B) selenate and selenite in the effluent water. Each point
represents the mean € SEM, n = 2.
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inhibit the reduction of selenium oxyanions to elemental
Se [3, 14]. This study evaluated the ability of vegetable
oil–based PRBs to remove soluble selenium from
groundwater when the water supplied to the PRB
contained both selenate and nitrate. The results showed
that nitrate did not interfere with the removal of selenate
from the water. The amount of soluble selenium in the
water was reduced as it was pumped through the
column-based PRBs of all three columns in this
treatment group (Fig. 3). An average of 8.6 € 0.2 L or
126 € 2 pore volumes of simulated groundwater
containing 86 € 2 mg of selenate-Se was pumped, at
an average flow rate of 356 ml (�5.2 pore volumes)
week)1, through the PRBs on these columns. During the
24-week study 71% or 61 € 18 mg of selenate-Se and
70% or 60 € 18 mg of the soluble selenium was
removed from the influent water. Only a small portion,

�0.5%, of the selenate was converted to selenite and
recovered in the effluents of these columns.

As with the initial study, the removal efficiency was
higher if only week 3 through 24 data was used to
compute the efficiency of the PRBs. Over this interval,
7.5 € 0.1 L or 110 € 1.7 pore volumes of water was
pumped through the columns and 77% or 58 € 16 mg of
the selenate and 77% (58 € 16 mg) of the soluble
selenium was removed from the water as it passed
through the columns. Between weeks 3 and 24, only
about 0.4 mg of the selenate-Se was converted to
selenite-Se and recovered as selenite in the effluents.

These columns also removed much of the nitrate
that was present in the influent water. During the study,
95.1% of the 173 € 2 mg nitrate-N that was applied to
the columns was removed as the simulated ground-
water was pumped through the columns. As was noted
above with selenium, nitrate removal efficiency in-
creased to 95.8%, when the PRBs were given 2 weeks
to become established and data from weeks 3–24 were
used to calculate the efficiency. Small amounts of ni-
trate were present in the effluent waters until week 20
and a peak in nitrate concentration was evident around
week 10. This pattern differs from what has been ob-
served in the past with similar denitrifying PRBs. In
past studies, nitrate levels dropped quickly and re-
mained at or near zero until the vegetable oil on the
column was depleted [10]. Also, the removal effi-
ciency, while good, is not quite as high as that that has
been observed with previous studies [8, 10]. This
suggests that selenate may have interfered with the
ability of the PRBs to remove nitrate. This interference
did not cause nitrite to accumulate. In a previous study,
selenite was shown to cause an accumulation of nitrite
[11]. In the present study, only a small amount of the
nitrate applied to the columns (0.36%) was recovered
in the effluents as nitrite.

Conclusions

The results suggest that vegetable oil–based in situ PRBs
can be used to remove selenate from contaminated
groundwater. Nitrate, at 20 ppm nitrate-N, did not
appreciably interfere with selenate removal by these
PRBs. The primary method by which selenate was re-
moved was by immobilization within the PRB matrix.
The most likely process by which this occurred was by
the microbial-mediated reduction of selenate to ele-
mental selenium (Se0). A number of bacteria have been
identified that can reduce selenite or selenate to Se0 and
a number of processes may be involved in the reduction
[11]. Selenium was not destroyed by these processes but
was immobilized as a Se0 precipitate that would even-
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tually reoxidize to mobile forms. However, under
saturated conditions and temperatures (�15�C) that exist
in many aquifers, studies show that the transformation of
Se0 to soluble and biologically available selenium
oxyanions takes place slowly with some fractions likely
to remain biologically unavailable for decades [22].
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